An important aspect of managing African conservation areas involves understanding how large herbivores affect woody plant growth. Yet, data on growth rates of woody species in savannas are scarce, despite its critical importance for developing models to guide ecosystem management. What effect do browsing and season have on woody stem growth? Assuming no growth happens in the dry season, browsing should reduce stem growth in the wet season only. Secondly, do functional species groups differ in stem growth? For example, assuming fine-leaved, spiny species' growth is not compromised by carbon-based chemical defences, they should grow faster than broad-leaved, chemically defended species. Dendrometers were fixed at 20 cm in height on the main stems of 244 random plants of six woody species in three plots (all large herbivores excluded, partial exclusion, and control) and observed from late 2006 to early 2010. Average monthly increment (AMI) per dendrometer and season (dry, wet) was calculated and the interaction between plot and season tested per species, controlling for initial stem girth. AMIs of Combretum apiculatum, Dichrostachys cinerea and Grewia flavescens were zero in the dry season, whilst those of Acacia exuvialis, Acacia grandicornuta and Euclea divinorum were either positive or negative in the dry season. Wet-season AMI of D. cinerea and dry-season AMI of G. flavescens tended to be reduced by browser exclusion. Net AMI (sum of the seasonal AMIs) was tested per species, but results suggested that only D. cinerea tended to be affected by browser exclusion. The results also suggested that stem radial growth of some fast-growing species is more prone to reduction by browser exclusion than the growth of other species, potentially reducing their competitiveness and increasing their risk of extirpation. Finally, the usefulness of grouping woody species into simple functional groups (e.g. fineleaved vs. broad-leaved) for ecosystem management purposes in savannas requires further consideration.
Introduction
A major component of current research in savannas concerns the effects of large herbivores (especially elephants) on woody vegetation, with the ultimate objective being the development of improved management policies (Levick & Rogers 2008) . Growth rates of woody plants are important parameters in models developed for the purposes of understanding savanna ecosystems and ultimately guiding the management of extensive conservation areas comprising heterogeneous savanna landscapes and mega-herbivores, but critical data on growth are scarce (Baxter & Getz 2005) . Apart from the dearth of studies of woody plant growth rates under the influence of elephants, most studies of responses of woody plants to browsing in savannas have only recorded shoot growth, which generally responds positively to long-term severe browsing (Engdahl 2008; Fornara & Du Toit 2007; Hrabar, Hattas & Du Toit 2009; Makhabu, Skarpe & Hytteborn 2006; Riginos & Young 2007) . Numerous short-term clipping studies have revealed the same trend (Bergström, Skarpe & Danell 2000; Fonara & Du Toit 2008a; Rooke & Bergström 2007; Tsumele, Mlambo & Sebata 2006) . The response of shoots is not necessarily a real response in total plant growth, but is the result of resources being reallocated to rectify browsing-induced shifts in the root : shoot ratio (Teague 1985; Teague & Walker 1988) . Numerous studies have reported negative effects of long-term severe browsing on plant height (Augustine & McNaughton 2004; Birkett & Stevens-Wood 2005; Fornara & Du Toit 2008b; Levick & Rogers 2008; Noumi et al. 2010) . In contrast, very few studies have considered stem size, which has been found to either decrease or increase under long-term severe browsing (Augustine & McNaughton 2004; Dharani et al. 2008; Noumi et al. 2010; Riginos & Young 2007; Rohner & Ward 1999; Scogings 1998) . The significance of stem size is that it is closely related to plant mass and therefore is likely to reflect the whole plant's response, which is important to understand because whole-plant under-compensation may indicate progressive carbon (C) exhaustion and reduced life expectancy (Hester et al. 2006; Nickless, Scholes & Archibald 2010; Teague 1988 ).
Spatial and temporal variations in resource availability are important considerations for understanding plant responses to browsing in Africa's savannas (Sankaran, Ratnam & Hanan 2008) . Savannas are seasonal systems characterised by alternating wet and dry seasons of several months each (Kutsch et al. 2008) . Water, and hence nutrients, are most available when elevated soil water drives a pulse of nitrogen (N) mineralisation at the start of the wet season (Jacobs et al. 2007; Scholes, Bond & Eckhardt 2003) . Plant growth is therefore confined to the wet season, but is intermittent because of fluctuating resources that limit growth (Williams et al. 2009 ). In addition to the temporal variation in resource availability, soil fertility varies spatially from sandy soils to clay-rich soils (Hopcraft, Olff & Sinclair 2009; Scholes et al. 2003) . Conventionally, clay-rich savannas are described as being dominated by 'fine-leaved', spiny, tannin-poor, 'palatable' species, whilst clay-poor savannas are said to be dominated by 'broad-leaved', spineless, tannin-rich, 'unpalatable' species (Kutsch et al. 2008; Scholes 1997) . Whether mineral N is always available in the soil (e.g. clay) or is only available when mineralised by soil organisms, water is needed in both cases to mobilise N for plants (Jacobs et al. 2007; Williams et al. 2009 and references therein). Plants on both soil types could therefore experience temporary periods of 'rich' resource availability in otherwise 'poor' resource conditions, regardless of whether the soils are perceived to be 'fertile' or not (Jacobs et al. 2007) . Hence, it is distinctly feasible that 'fine-leaved' and 'broad-leaved' species, which may be intuitively expected to respond differently to each other, may not differ consistently in their responses.
The primary aim of this paper is to report stem girth growth of six ubiquitous woody species in the Acacia nigrescensCombretum apiculatum savanna of the Kruger National Park during the period 2006-2010. In doing so, the paper aims to explore the question: what effect does browsing and season have on woody stem growth? The following null hypothesis was formulated to guide the analysis: browsing does not reduce stem growth in either the wet season or the dry season. The hypothesis was tested by analysing data compiled from dendrometer observations between the fourth and eighth years following the establishment of the Nkuhlu Largescale Long-term Exclusion Experiment (NLLEE). Hence, it was not only possible to collect valuable data on woody stem growth in a semi-arid savanna, but other unanswered questions fundamental to understanding the functioning of savannas could be addressed in an experimental context. Because contrasting soils existed at either end of the catena on which the experiment was situated, it was also possible to consider potential influences of soil types on woody stem growth. Furthermore, because the suite of species used in the study comprised both 'fine-leaved' and 'broad-leaved' species, it was possible to explore whether or not patterns of stem growth reflected traditionally recognised functional groups of woody species. This paper represents the first documentation of data on stem growth rates of a suite of woody species in relation to large mammal herbivores in African savannas.
Methods

Study area
The NLLEE (24°58′S, 31°46′E) is adjacent to the Sabie River, Kruger National Park, South Africa (O'Keefe & Alard 2002). The climate is semi-arid subtropical with two broadly distinct seasons: a hot, occasionally wet, growth season (OctoberApril) and a warm, dry, non-growing season (Williams et al. 2009 ). Mean annual rainfall (MAR) at Skukuza, 30 km west of Nkuhlu, is approximately 550 mm. Average daily temperatures at Skukuza are 15.7 °C in June and 26.6 °C in January (http:// www.sanparks.org/parks/kruger/conservation/scientific/ weather). Average minimum temperature in June is 5.7 °C and average maximum temperature in January is 32.6 °C. The topography is an undulating landscape, 200 m -230 m above mean sea level, derived from granite and covering the sequence of terrain morphology from footslope to crest. The crests and middle slopes are characterised by shallow, sandy, coarse soil overlying rock, whilst the footslopes below the seepline are characterised by deep, sodic, duplex soil, which is a typical pattern on catenas in granite-derived, semi-arid landscapes (Grant & Scholes 2006; Khomo & Rogers 2005) . Sodic soils in the study area comprise shallow (< 15 cm) sand overlying impermeable clay and have high pH (> 8.5) and reduced hydraulic conductivity (Grant & Scholes 2006; Khomo & Rogers 2005; Tarasoff, Mallory-Smith & Ball 2007) . Sodic soils are therefore regarded as stressful environments for vegetation, which is sparse, but regarded as more attractive than crest vegetation to large herbivores, especially grazers and mixed feeders (Levick & Rogers 2008; Tarasoff et al. 2007) . It is unclear if the attractiveness of sodic patches to herbivores is because the vegetation is inherently more nutritious, or because it offers other attractions such as predator vigilance, water, dietary salts or anti-acidosis minerals (Abrahamson 1999; Khomo & Rogers 2005) . Nevertheless, trampling, excretion and defoliation are thought to maintain the vegetation in a nutritious vegetative state (Grant & Scholes 2006 ). and scrub hare (Lepus saxatilis). Elephant, impala, kudu, giraffe, black rhino and steenbok include substantial woody vegetation in their diets. Elephant density in the study area fluctuates, but has been estimated to be 0.5 km -2 -2.0 km -2 , which is considered to be high (Grant et al. 2008) . A breeding herd of 30-40 impala, several impala bachelors, two black rhino and an unknown number of steenbok reside in the study area, whilst low numbers of giraffe and kudu occur occasionally.
Design and procedure
Experimental exclusion plots were established in 2002 on the premise that exclusion of large herbivores (especially elephants) would allow their effects on components of the ecosystem to be determined (O'Keefe & Alard 2002). The experiment covers 139 ha and is intended to be maintained for at least 25 years. Owing to the scale of the experiment, it was not practical to replicate treatments (Jonsson et al. 2010; Levick & Rogers 2008 (Engdahl 2008; Jonsson et al. 2010 ). If excluding elephants shows a different response to excluding all large herbivores then it can be inferred that the main source of the effect is not elephants.
Manual dendrometers (Agricultural Electronics Corporation, Tucson, USA) were used for the study. Each dendrometer consisted of a metal band (3 mm × 0.75 mm) of user-defined length attached to a spring-loaded vernier gauge graduated to 0.1 mm precision. The dendrometers were attached at a height of 20 cm above ground on the main stems of 244 randomly selected individuals of three 'fine-leaved' species (A. exuvialis, A. grandicornuta, D. cinerea) and three 'broadleaved' species (C. apiculatum, E. divinorum, G. flavescens) in both exclusion plots as well as in the control area. The fitted trees were in areas protected from fire. The selected species were amongst the most abundant woody species in the study area. Several extra dendrometers were deployed in the control area compared to the exclusion plots to allow for anticipated losses over the anticipated years of monitoring (e.g. by animals uprooting or felling plants, or damaging the instruments by chewing or rubbing on them). A GPS was used to randomly locate sites in a grid of 30 m × 30 m cells. An anomalous basaltic outcrop covering approximately 15% of the partial exclusion plot was excluded from sampling. One tree of each study species was located in each grid cell on condition that it was, (1) closest to the grid-cell centre, (2) taller than 2 m and (3) neither obviously stressed by disease, disturbance or neighbours, nor obviously growing in a nutrient-enriched patch such as a termite mound or hollow.
The minimum height of selected G. flavescens plants was 1.5 m because it seldom grew taller than 2 m. If any condition was not met for the closest tree, then the next closest tree that met the conditions was sampled. Girth (mm) of the dominant stem was measured before positioning a band on the stem. The vernier gauges were initially set at approximately 5 mm to allow for possible shrinkages to be recorded and were reset whenever they reached > 25 mm. The dendrometers were observed (to 0.1 mm) at intervals of one-three months, depending on logistical constraints, from (Figure 1) . Furthermore, monthly rainfall during the second half of three of the wet seasons included in the study period was below the long-term average for each month. Not all dendrometers were operational for the whole study period because of failure or damage. Increments between successive observations were calculated for the operational period of each dendrometer.
To test the interaction between plot and season, the wet season was simply defined as the six months from November to April, whilst the dry season comprised the remaining six months. Monthly increments per dendrometer were calculated by dividing each individual increment by the number of months over which the increment had occurred. Average monthly increments (AMIs) per season were then calculated across years for each dendrometer, giving a wetseason AMI (AMI wet ) and a dry-season AMI (AMI dry ) for each dendrometer. Net AMI (NAMI) for each dendrometer was calculated as the sum of AMI wet and AMI dry . Each species' data were analysed separately to test effects within species using SYSTAT 10 (SPSS 2000). Two-factor ANOVA was used to test the interaction effect of plot and season on either log 10 (AMI + 1) or √(AMI + 1), whilst one-factor ANOVA was used to test the effect of plot on either log 10 (NAMI + 1) or √(NAMI + 1), whichever transformation normalised the distribution of a species' data. Individual plants were assumed as replicates within each treatment. Therefore, pseudo-replication constrained the analyses and estimates of model parameters were viewed with caution (Underwood 1997:245) . Initial stem girth was included as a covariate in all analyses, but was dropped from the model if it had no effect. In all analyses, significant effects were declared when p < 0.05, but possible trends were not ignored when 0.05 < p < 0.10 indicated marginal significance. Finally, to facilitate consideration of differences amongst functional groups of species, estimates of average annual growth per species were obtained by calculating average annual girth growth from mean NAMI × 12 and average annual radial growth though division of girth growth by π/2. Because the dendrometers used in this study are intended to be observed for several more years, a thorough quantitative analysis of annual growth rates will be appropriate after a longer series of annual data has been completed.
Results
Mean initial girth of each plant varied amongst the study species when it was fitted with a dendrometer (Figure  2 ). Initial girth was largest for A. grandicornuta, followed http://www.koedoe.co.za , respectively. Narrow-stemmed species (G. flavescens, D. cinerea and A. exuvialis) were relatively faster growing than wide-stemmed species (E. divinorum, C. apiculatum and A. grandicornuta). Corresponding average annual radial growth rates (uncorrected) of the measured trees were 1.68 mm, 1.31 mm, 1.27 mm, 0.96 mm, 0.95 mm and 0.92 mm. Therefore, the slower growing trees included in the study increased girth by approximately 5.9 mm per year, whilst the faster growing trees increased girth by approximately 8.9 mm per year, corresponding to approximately 0.94 mm and 1.42 mm radial growth per year.
Discussion and conclusion
The null hypothesis that browsing does not reduce the growth of woody stem girths in either the wet season or the dry season was not rejected for the particular suite of species observed over the duration of the study at the NLLEE. Because excluding only elephants had no effect compared to the control treatment, it can be inferred that any trends associated with exclusion were not related to elephants. The most intuitive reason for not observing effects of browser exclusion is that the timing and duration of the study were not long enough to detect differences in semi-arid savannas, even though several studies across a wide range of rainfall (and soils) have shown otherwise (e.g. Augustine & McNaughton 2004; Dharani et al. 2008; Riginos & Young 2007; Sharam, Sinclair & Turkington 2006) . On the other hand, no difference in stem girth growth suggests a positive effect of browsing on plant growth rate leading to compensation (Renton, Thornby & Hanan 2007) .
However, the results did suggest that certain trends existed amongst the species during the study period, which are worth monitoring for some years to come as they may develop into real effects over a longer time period. For example, after several more years it is expected that negative effects of complete exclusion of large herbivores will become more pronounced (Scogings et al. in press) . The trends in the data also suggest partial exclusion may have negative effects on some species, for example, D. cinerea. The observed trends in D. cinerea complement observed changes in height of woody plants in the first five years of browser exclusion (Scogings et al. in press) . Both the dendrometer and height data showed D. cinerea responding more strongly than other species to browser exclusion, where exclusion of all large herbivores increased height but tended to decrease stem girth, relative to no or partial exclusion. Increasing height growth and decreasing girth may reflect increased competition for light, as is typically seen when shaded plants grow tall and thin (O'Connor 1995). The results suggest stem radial growth of some fast-growing species is more prone to reduction by browser exclusion than the growth of other species, potentially as an indirect effect through increased competition (Scogings et al. in press) . After a few more years, the data will also give insights into mortality rates of each species monitored, as either direct or indirect effects of browser exclusion. The results suggested that exclusion of large herbivores may lead to increasingly adverse effects on growth rates of some species; therefore exclusion may influence drought related mortality in the long term because fast-growing plants are prone to drought stress (Pollastrini et al. 2010) . Dharani et al. (2008) measured Acacia xanthophloea trees of similar size to the ones measured at the NLLEE. Growth was faster with than without browsing, which corroborates some of the trends observed amongst species studied at the NLLEE. Riginos and Young (2007) found faster stem growth in Acacia drepanolobium with than without browsing, possibly due to elephants reducing competitive effects of grasses. In contrast, other studies have found reduced growth for several species under browsing compared to exclusion (Augustine & McNaughton 2004; Scogings 1998) . The overall stem growth rates observed at the NLLEE appear to be comparable to those observed in other studies. Dharani et al. (2008) observed stem growth rates higher than the ones at the NLLEE, but Scogings (1998) observed growth rates of six species that were generally lower than similar size trees at the NLLEE. Stem growth of Grewia tenax plants over three years following browser exclusion was found by Augustine and McNaughton (2004) to be similar to that of G. flavescens plants of similar height at the NLLEE, but Acacia mellifera and Acacia etbaica had much higher growth rates compared to any of the species studied at the NLLEE. None of the aforementioned studies observed either zero or negative rates. Further research is needed before generalisations in stem growth amongst species and sites can be postulated.
Because of the complexity of savanna ecosystems, efforts to understand their functioning necessitate simplification by means of models. Much is often generalised about the ecology of woody plants in savannas on the basis of functional groups that have been traditionally adopted to facilitate such efforts (e.g. see Staver et al. 2009 ), although no clear definitions of the traditionally used terms exist in a savanna context. The leaf-size dichotomy usually forms the basis for further generalisations to be made about other aspects of woody species, such as the 'palatability' of woody plants in savannas. 'Fine-leaved' species are perceived to be 'palatable' because they are deemed to be poorly endowed with C-based secondary metabolites (e.g. condensed tannins) in favour of thorns or spines (Kutsch et al. 2008; Scholes 1997 ). The perception derives from an assumed trade-off between growth and chemical defences (Herms & Mattson 1992) . The observation that many 'fine-leaved' woody species are, (1) involved in bush encroachment and (2) display stimulated shoot growth in response to browsing, may be regarded as supporting the ultimate view that 'fine-leaved', spiny species are 'palatable', fast-growing and tolerant of severe browsing, compared to 'broad-leaved' species (Moleele & Perkins 1998; Sweet & Mphinyane 1986) . The validity of such generalisations has not been tested.
Although the dendrometer study was not designed to test differences amongst functional groups of species, growth rates did not obviously correspond with leaf type because 'fine-leaved' species did not grow faster than 'broadleaved' species. Furthermore, analysis of low molecular weight phenolic compounds known to influence herbivores did not show clear distinction between 'fine-leaved' and 'broad-leaved' species at the NLLEE (Hattas et al. in press) . Acacia exuvialis, in particular, is an example of 'fine-leaved' species that are well endowed with both C-based secondary metabolites and long thorns. However, growth rates did appear to be related to soil type and slope position. Acacia grandicornuta and E. divinorum, which were abundant on the clay-rich sodic soils of the footslopes, maintained slightly positive growth in the dry season, whilst species on the sandy crests either did not grow or shrank in the dry season, which is likely related to differences in the timing of water availability across the catena (Jacobs et al. 2007 ).
In conclusion, this study provides evidence that stem growth of woody plants in African savannas is strongly seasonal, but the effects of large herbivores on woody plant growth remains unclear and requires further research. The results also suggest that catenal position and associated differences in soil type and hydrology generally influences stem growth. Not all species within the broad functional groups of woody plants traditionally recognised in African savannas show the same stem growth patterns. Long-term monitoring of dendrometers fitted to a variety of species in manipulative situations would provide much-needed insights into growth dynamics of woody plants, which could help managers of conservation areas to identify species prone to high risk of extirpation.
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